Effective treatment of glioblastoma (GBM) remains a formidable challenge. Survival rates remain poor despite decades of clinical trials of conventional and novel, biologically targeted therapeutics. There is considerable evidence that most of these therapeutics do not reach their targets in the brain when administered via conventional routes (intravenous or oral). Hence, direct delivery of therapeutics to the brain and to brain tumors is an active area of investigation. One of these techniques, convection-enhanced delivery (CED), involves the implantation of catheters through which conventional and novel therapeutic formulations can be delivered using continuous, lowpositive-pressure bulk flow. Investigation in preclinical and clinical settings has demonstrated that CED can produce effective delivery of therapeutics to substantial volumes of brain and brain tumor. However, limitations in catheter technology and imaging of delivery have prevented this technique from being reliable and reproducible, and the only completed phase III study in GBM did not show a survival benefit for patients treated with an investigational therapeutic delivered via CED. Further development of CED is ongoing, with novel catheter designs and imaging approaches that may allow CED to become a more effective therapeutic delivery technique.
Effective treatment of glioblastoma (GBM), the most common and most malignant glioma, represents one of the most formidable challenges in oncology. Despite the use of extensive surgery, radiation therapy, and chemotherapy, the prognosis for patients with GBM remains poor, with a median survival of 12 -15 months. 1 Following recurrence, salvage treatment provides only about 6 -8 months of additional survival. 2 It is the infiltrative nature of these tumors that eliminates the possibility of curative surgical resection. Even at the time of initial presentation, there is infiltration of tumor cells that extend at least 2 cm away from the radiographical contrastenhancing mass. 3 Efforts to treat this residual disease with conventional and targeted chemotherapies delivered via oral or intravenous routes have been rendered minimally effective by the presence of the blood-brain barrier (BBB), and the partially functional blood-tumor-barrier, which prevent the effective delivery of potentially active chemotherapeutic compounds. 4 Strategies have been investigated for enhancing drug delivery to brain tumor cells by methods that do not rely on the circulatory system. These techniques circumvent the BBB completely in order to improve drug delivery to the brain parenchyma. Furthermore, these intraparenchymal delivery approaches result in locally high, but systemically low, concentrations of chemotherapies known to have activity against gliomas, thereby eliminating the systemic toxicity that has limited their dosing. Direct intraparenchymal delivery also provides a means for delivering newer, tumor-selective molecules that are often largely excluded from the CNS.
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Delivery of Therapeutics Directly into the Central Nervous System Drug delivery directly into the CNS has been an actively investigated field of study for the treatment of primary brain tumors. This form of administration for therapeutics requires consideration of multiple variables that affect the extent of delivery (including diffusion gradients, infusion rates, physical properties of the therapeutic itself, tumor cellular architecture, interstitial architecture, and the physical characteristics of the device[s] used to produce delivery) when applicable. Approaches to local drug delivery have included the use of implantable, controlled-release polymer systems, 10 delivery into the cerebrospinal fluid (CSF) or a cyst cavity (often using an implanted reservoir), 11 -13 and catheter-based convection-enhanced delivery (CED). 5, 14 Experience with implantable controlled-release polymer systems will be discussed in another paper in this volume.
Intracavitary/Cerebrospinal Fluid Delivery
The use of an intraventricular or intracavitary system, such as an Ommaya reservoir, allows delivery of intermittent bolus injections of anticancer drugs directly into a tumor cyst or cavity. 11 Other systems are capable of delivering drugs over a prolonged period of time at a desired constant infusion rate to the tumor resection cavity by means of a catheter. Drugs such as nitrosoureas 12 and methotrexate 13 have been used in various clinical trials; however, infection, catheter obstruction, and inadequate drug distribution have limited the success of these delivery methods. Utilization of the CSF space for delivering chemotherapeutic agents has been a valuable method of treatment for some patients with CNS malignancies, particularly those who have disease localized to the leptomeningeal space. However, there is little bulk flow between the intercellular space of the brain and the CSF space. Hence, scant drug is able to diffuse from the CSF space into the parenchyma, which prohibits this delivery system from being effective for treating intraparenchymal brain tumors such as GBM. 15 Intrathecal delivery is therefore a technique that is typically reserved for leptomeningeal spread of malignant cells, as is often seen in primary CNS lymphoma and various types of metastatic carcinomas. 16 Convection-enhanced Delivery of Therapeutics 14 CED involves continuous positive-pressure infusion of a solute containing a therapeutic agent. It relies on pressure-driven bulk flow of infusate as a means for delivering therapeutic agents to the CNS. The bulk flow mechanism is created by a small pressure gradient from a pump that pushes solute through a catheter targeted within the CNS. There are several potential advantages of CED as compared with traditional delivery methods
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: (i) CED bypasses the BBB and can be used to infuse therapeutic agents with large or small molecular weights via bulk interstitial flow; (ii) CED provides targeted delivery to the region into which the catheter is placed and the potential for real-time monitoring of distribution, which would allow intelligent adjustment of flow rates 18 ; (iii) and unlike diffusion-limited delivery, CED provides pressure-driven delivery that enhances interstitial drug distribution. 14 This form of localized delivery limits the potential for neurotoxicity because the infused doses do not need to be as high as those needed for diffusion-mediated delivery (ie, there is not the same issue with steep concentration gradients requiring a potentially toxic initial dose). 17 Therefore, CED may not produce the same elevated risk of neurologic injury when compared with implantable polymers. 5 Neurological symptoms in the eloquent areas during both animal 19 and human CED studies 20 -22 are most often reported to be transient and reversible with reduction of infusion rates. While some concern may be raised about the need for placing a catheter into the brain in order to perform CED, histological studies have shown that inflammation adjacent to the catheter tract and at the catheter tip is typically limited to within a 50-mm radius. 23 
Basic Principles of Convection-enhanced Delivery
To perform CED, one or more catheters are stereotactically implanted through a burr hole into or adjacent to the enhancing portion of a tumor and/or the nonenhancing infiltrative surrounding tissue. Pressure-driven flow of drug is achieved via an infusion pump, and the agent is infused directly into the target tissue at a predetermined concentration, rate, and duration. Infusate distribution delivered via CED relies on the bulk flow of interstitial fluid, which occurs due to pressure gradients, and therefore relies less on the concentration of the infusate. Infusion rate and volume of infusion (Vi) are key components that impact infusate distribution and are also important variables to be considered in terms of risk of backflow. It has been observed that the volume of distribution (Vd) of an infusate will initially correlate in a linear fashion with Vi, even large (80 kDa) molecules. 14 However, this relationship is very dependent upon the infusion rate because significant backflow occurs around the infusion catheter above certain rates, thereby rendering the Vd independently of the Vi. 24 It is anticipated that improvements to the devices used for CED will result in a reduced propensity for backflow and that a more predictable relationship between Vd and Vi is likely to be achieved, thereby facilitating higher rates of infusion. 14, 23 The Vd achieved via CED may also vary depending upon the cytoarchitecture of the tissue being treated. For example, CED in GBM produces a markedly different distribution from that observed in normal brain. 25 -27 The central portion of a GBM is generally marked by poor vascularity surrounded by unique, heterogeneous cytoarchitecture that is conversely rich in vascularity with a pathologic interstitial composition. 26 This leaky cytoarchitecture and outward pressure gradient result in higher infusate clearance rates. 26, 27 Furthermore, infusates may preferentially move in accordance with regional anisotropy and paths of pre-existing white matter edema. 28 Recent studies have also shown the ability of CED to penetrate infiltrating tumor cells at the margin, with distribution at the margin improved in the absence of preceding craniotomy and in the setting of prior steroid use. 29 Although the obstacles produced by tissue characteristics and catheter-related backflow have likely affected early clinical trials, changes in infusate and cannula characteristics, 30, 31 development of catheter placement guidelines, 32 mathematical modeling to predict infusate spatial distribution, 33 and monitoring of infusate delivery in real-time 23, 32 have been considered in order to optimize this drug delivery technique.
Initial Clinical Development of Convection-enhanced Delivery for Glioblastoma
CED clinical trials have been carried out with various agents including conventional chemotherapies, 34 cytotoxin-ligand conjugates targeting cell surface receptors, 6 -8,35 monoclonal antibodies with 36 or without 9 radioactive isotope conjugates, antisense oligonucleotides, 37 and liposomal vectors engineered to deliver gene therapies. 38 Phase I -III trials for GBM were performed, beginning in the 1990s, that demonstrated adequate safety profiles for a number of convection-delivered agents. However, these early CED trials involved the use of catheters not designed for CED. As noted above, early experience with these "off-the-shelf" catheters provided hints that they were likely prone to backflow. Despite a lack of definitive data evaluating the delivery characteristics of the catheters in the clinical setting, and fueled by apparently promising results from the small phase I and II trials, larger CED trials moved Vogelbaum and Aghi: Convection-enhanced delivery for GBM ii4 forward using off-label catheters that had FDA clearance for other uses (eg, peritoneal and ventricular catheters).
Two phase III trials were initiated in participants with GBM. One trial utilizing Tf-CRM107 was aborted, and the most recent data published about Tf-CRM107 pertained to a phase II trial from 2003. 6 The other phase III trial, the PRECISE trial, compared the infusion of citredekin besudotox (CB; a chimeric pseudomonas exotoxin with recombinant human interleukin-13) delivered by CED with chemotherapy wafers placed in the surgical resection cavity. The study completed its accrual but unfortunately did not reveal statistically significant improvement in survival for patients with recurrent GBM. 5 Although no survival benefit for the CED experimental arm was found, the study was impaired by its statistical design requiring a .50% survival benefit over the active control arm; no other agents, even those approved by the FDA, have even come close to this mark for recurrent GBM. Furthermore, the authors of the study noted that only 68% of catheter placements were performed per protocol specifications. Despite these limitations, there was a statistically significant improvement in progression-free survival (17.7 vs 11.4 weeks; P ¼ .0008), although this was not a prespecified analysis and hence was not considered to be acceptable evidence of efficacy. 5 A phase I clinical trial studied the use of CB in newly diagnosed malignant glioma patients who were also being treated with standard-of-care external beam radiation therapy and concurrent temozolomide. 39 This study seemed to indicate that the dose of CB used in the recurrent GBM setting was also safe when used in combination with chemoradiation. No further development of CB for this indication has been performed.
Monoclonal antibodies have also been utilized in clinical trials. (131)I-chTNT-1/B mAb, a radioactive isotope-conjugated monoclonal antibody, was well tolerated in phase I and II trials. 36 However, no phase III study of a monoclonal antibody used in this manner has been completed to date.
CED has also been used to deliver conventional chemotherapies directly into GBM tumors and/or surrounding tumorinfiltrated brain. Clinical trials utilizing CED have investigated carboplatin 40 and topotecan. 34 Topotecan has shown promising results with favorable progression-free and overall survival rates of 23 weeks and 60 weeks, respectively. 34 In a report of 2 participants also enrolled in the topotecan study, Anderson et al showed that it was possible to infuse topotecan into the brainstem of 2 pediatric patients with diffuse intrinsic pontine gliomas. 20 The infusion rates and drug concentrations had to be lowered because the brainstem is more sensitive than other parts of the brain to side effects from local delivery of chemotherapy and/or fluid infusion rate. Nevertheless, the tolerability of this treatment when using lower infusion rates demonstrates the treatment's possible value for treating brainstem lesions, albeit cautiously (particularly for those with mass effect). 20 
Newer Agents and Infusates Investigated for CED in Preclinical and Early Clinical Investigation
Multiple other classes of therapeutic agents have been investigated as potential CED infusates for glioma therapy. These include gene therapies, 38, 40, 41 oligonucleotides, 37, 42 nanoparticle conjugates, 43 -46 liposomes, 38, 47, 48 and viral particles. 40, 41 One approach that has generated substantial interest involves the use of liposomal encapsulation. Liposomes have been used to encapsulate a multitude of therapeutics and prolong their half-life systemically; they may have particularly advantageous properties when used to deliver therapeutics via CED. 24 In the CNS, liposomal encapsulation can potentially reduce unwanted early drug-tissue interaction, allowing for greater volumes of distribution and reduced tissue clearance rates, consequently providing a longer drug exposure to target tissue. 47 Liposomal encapsulation also provides a vector for gene therapy delivery. 38 Liposomes can carry MRI contrast agents themselves, as has been shown in animal models. 47 While liposomes are promising as carrier agents for therapeutic CED, nanoparticles are emerging as smaller, potentially more efficient vehicles. 43 -46,49 For example, magnetic nanoparticles, such as maghemite (15 -80 nanometer [nm] ), can be delivered via CED and be loaded with bioactive molecules (which would normally have high tissue clearance or reactivity rates) and utilized as MRI contrast agents. 44 Polymeric nanoparticles offer similar advantages in that they can be conjugated to numerous chemotherapies in addition to a contrast agent and can be fabricated for optimal convection characteristics (,100 nm). 43 While there are many permutations being investigated in animal models, no particular vehicle has been proven to be reliably better, and few have been tested in clinical trials.
The visualization of infusions in real time has emerged as an important potential means for identifying reflux as soon as it happens, thereby allowing adjustments to be made in the infusions accordingly. Visualization of infusions also provides a basis for more routine measurement of Vd and Vi. Most of these studies have been performed by mixing the infusate containing the investigational therapeutic with MRI contrast agents and performing the infusion in an operative MRI suite using an MRI-compatible catheter (Fig. 1) , thus allowing serial MRIs to be performed throughout the infusion. 21, 50 Recent Advances in Convection-enhanced Delivery for Glioblastoma Advances in CED catheter design have included a step-design cannula that was first described by Fiandaca et al. 51 The original design of this cannula was a 0.2 mm needle with a glued-in silica tubing (0.168 mm external diameter) extending beyond the end of the needle by 5-10 mm. Even with this technical improvement, which allows CED at flow rates as high as 5.0 mL/min, the step-design cannula is not reflux free. Real-time MRI has documented that reflux can be seen along the insertion tract in up to 20% of catheter placements, albeit at higher achievable infusion flow rates. More recently, and with use of a 16-gauge catheter that gradually narrows in diameter from 0.063 inches to 0.028 inches to 0.014 inches at its tip, the step design has been used to infuse replicating retrovirus into recurrent glioblastoma (ClinicalTrials.gov, NCT01156584) ( Figs. 1 and 2) .
Notable improvements had been made in catheter placement. Considerable variability between neurosurgeons in terms of surgical technique and placement accuracy was Vogelbaum and Aghi: Convection-enhanced delivery for GBM Fig. 1 . MRI-compatible cannula for convection-enhanced delivery. This ClearFlow cannula (MRI Interventions) has a gradually tapered tip designed to prevent reflux, is MRI compatible, and can be used with an MRI-compatible stereotactic guidance system. Vogelbaum and Aghi: Convection-enhanced delivery for GBM ii6 noted in the PRECISE trial, and work has been done to develop software algorithms to define optimal trajectories that can be incorporated into the intraoperative navigation system typically used by neurosurgeons. 52 Another area of early investigation relates to the fact that CED can deliver a therapeutic only during a fixed period of time, that being when a temporarily implanted catheter is in place. It is believed that more durable glioblastoma treatment might require ongoing treatment with a chronically infused agent. This creates a need for implantable catheters with ports of access under the scalp that can be left inside the brain and brain tumors for extended periods of time. This concept has been explored in primate models 53 and is being developed for human use as well.
Conclusion
By bypassing the BBB and delivering treatments to large volumes of brain tumor and tumor-infiltrated brain, CED may serve as a platform for translating the molecular understanding of glioblastoma achieved in the laboratory into effective clinical treatments. Additional developments in technology will be needed to ensure reliable and reproducible high-volume therapeutic delivery to substantial volumes of involved brain tissue. Advances in imaging also will be required to resolve questions about dose-response relationships and regional dosimetry associated with CED.
